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We studied the Law of Mass Action equilibrium of the Protein-Protein Interac-
tion (PPI) network in yeast using experimentally determined protein concentra-
tions, localizations, and interactions. In particular, we were interested in how
this equilibrium responds to changes in copy numbers of individual proteins
[1-3]. We demonstrated that the magnitude of shifts between free (monomer)
and bound (dimer) concentrations of perturbed proteins is influenced by such
factors as the topological structure of the network, balance of concentrations
of interacting proteins, and the average binding strength. Our primary conclu-
sion is that on average the magnitude of the perturbation exponentially decays
with the network distance away from the perturbed node. This explains why,
despite a globally connected topology, individual functional modules in such
networks are able to operate fairly independently. In a separate project [4-5]
we quantified the interplay between specific and non-specific binding interac-
tions under crowded conditions inside living cells. We argued [4] that the
need to minimize the waste of resources to non-specific interactions limits
the proteome diversity and the average concentration of co-expressed and
co-localized proteins.
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Many organisms use circadian clocks to anticipate changes between day and
night. It had long been believed that these clocks are driven primarily by
transcription translation cycles (TTCs) built on negative feedback on gene
expression. However, while circadian clocks can maintain robust rhythms
for years in the absence of any daily cue, recent experiments have vividly
demonstrated that gene expression is often highly stochastic. This raises
the question of how these clocks can be so robust against biochemical noise.
In multicellular organisms, the robustness might be explained by intercellular
interactions, but it is now known that even unicellular organisms can have
very stable circadian rhythms. The clock of the cyanobacterium S. elongatus,
for example, has a correlation time of several months, even though the
clocks of the different cells in a population hardly interact with one another.
How circadian clocks can be so stable even at the single cell level is not un-
derstood. Interestingly, it has recently been discovered that the S. elongatus
clock also includes a protein phosphorylation cycle (PPC) that can run inde-
pendently of the transcription-translation cycle (TTC). Here, we use mathe-
matical modeling to study how these two clocks interact in growing,
dividing cells. We find that a clock built on a PPC alone is highly stable
when protein turnover is low. For high protein turnover rates, however,
a PPC becomes unstable; indeed, at high growth rates, when protein turnover
is necessarily high, a TTC becomes indispensable for the PPC to function.
On the other hand, a clock based on a TTC alone functions only when
the protein turnover rate is large; it fails dramatically at low growth rates
in the absence of active protein degradation. The power of coupling
a PPC to a TTC is that the clock becomes robust over the full range of
growth conditions. Importantly, the TTC and the PPC in S. elongatus are
much more tightly intertwined than conventional coupled phase oscillators;
as a result, particularly for intermediate growth rates, the combination ofthe two far outperforms not just each of its two components individually,
but also a hypothetical system in which the two parts are coupled in normal
textbook fashion.
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We investigated the robustness of cellular metabolism by simulating the sys-
tem-level computational models, and also performed the corresponding ex-
periments to validate our predictions. We address the cellular robustness
from the ‘‘metabolite’’-framework by using the novel concept of ‘‘flux-
sum’’, which is the sum of all incoming or outgoing fluxes (they are the
same under the pseudo-steady state assumption). By estimating the changes
of the flux-sum under various genetic and environmental perturbations, we
were able to clearly decipher the metabolic robustness; the flux-sum around
an essential metabolite does not change much under various perturbations.
We also identified the list of the metabolites essential to cell survival, and
then "acclimator’’ metabolites that can control the cell growth were discov-
ered. Furthermore, this concept of ‘‘metabolite essentiality’’’ should be use-
ful in developing new metabolic engineering strategies for improved
production of various bioproducts and designing new drugs that can fight
against multi-antibiotic resistant superbacteria by knocking-down the enzyme
activities around an essential metabolite. Finally, we combined a regulatory
network with the metabolic network to investigate its effect on dynamic
properties of cellular metabolism. [Proc. Nat. Acad. Sci. USA. 104 13638
(2007)]
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This talk will discuss some aspects of the large scale regulatory network
that controls the genetic expression of an E. coli cell as a whole. The ex-
pression of E. coli’s 4-5 thousand genes is controlled by 150-200 transcrip-
tion factors (TFs) and a few sigma factors. The activity of a TF or sigma
factor is itself governed partly by external conditions such as temperature,
pH and the chemical composition of the extracellular environment, and
partly by the internal environment. The latter includes other TFs and sigma
factors controlling the expression of the gene coding for the TF in ques-
tion, molecules involved in post-transcriptional regulation, as well as me-
tabolites that bind to the TF resulting in its regulation. The architecture
of the global transcriptional regulatory network will be discussed, including
feedbacks. A simple mathematical model that attempts to capture the dy-
namics of the switching on and off of the genes will be presented. This
"global view" is "coarse grained"; it glosses over several details. However,
this perspective reveals that the network as a whole has a rather special or
particular character, which could be the basis of the cell’s robustness and
adaptability.Symposium 14: 50 Years of the Chemiosmotic
Hypothesis: Open Questions
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How protons migrate via protein-bound water molecules is becoming an
emerging research-field in biology, ever since Grotthuss proposed the pro-
ton transfer along water chains in liquid water in physical-chemistry. Re-
cent time-resolved FTIR measurements revealed the dynamics of protein-
bound water and showed how they can be actively involved in proton
transfer using the light-driven proton pump bacteriorhodopsin (bR) as
model system (1). The detailed proton transfer via such water molecules
involves preordered dangling water, a strong hydrogen-bonded water and
most interestingly, a protonated water complex as the proton release group,
which we identified for the first time in a protein (2). The central binding
